Objective: To prospectively investigate the feasibility of using 2 small intravenous catheters for high-rate computed tomography (CT) contrast injection in patients lacking superficial veins capable of accommodating ≤ 20-gauge catheters. Materials and Methods: Sixty-eight consecutive eligible adults referred for dynamic liver CT were enrolled; 58 had previously undergone liver CT, including 8 that experienced extravasation. Two 22-or 24-gauge catheters were placed in all patients after 2−5 venipunctures, and 2 mL/kg of contrast agent (370 mg I/mL) was split-administered through both catheters to achieve total flow rate of 4 mL/s. Patients' experience and examination success rate, defined as uneventful scans completed at 4 mL/s or at < 4 mL/s achieving standard image quality in all phases, were analyzed. Quantitative hepatic signal-to-noise and hepatic vascular contrast-to-noise ratios (CNRs) were compared with 30 control examinations scanned at 4 mL/s using an 18-gauge catheter. Results: One case each of extravasation and severe injection pain caused the examination to be aborted. Success rate was 88.2% (60/68; 54 patients scanned at 4 mL/s, 6 at 3.5−3.9 mL/s). Fifty-five of 58 patients (94.8%) that had past CT regarded the venipuncture as more tolerable than (n = 36) or similar to (n = 19) past experiences; 45 of 58 patients (77.6%) found contrast injection less painful than (n = 35) or similar to (n = 10) past experiences. When compared with control examinations, signal-to-noise ratio was similar in all phases (p ≥ 0.502), but the hepatic arterial CNR in arterial phase was slightly inferior (p ≤ 0.047). Conclusion: Using 2 small intravenous catheters can effectively achieve high-rate CT contrast injection in patients lacking adequate superficial veins.
kjronline.org approach to mitigate complications in conducting CT on patients without superficial veins that can accommodate a large intravenous catheter has not been reported. Patient experience with dual venipuncture for non-invasive imaging has not been assessed. Therefore, the purpose of this prospective study was to investigate the feasibility of using 2 small intravenous catheters for patients requiring dynamic multiphase liver CT but lack superficial veins that can accommodate a large intravenous catheter.
MATERIALS AND METHODS
The protocol of this prospective study was approved by the Institutional Review Board of Asan Medical Center. Informed consent was obtained from all study participants and was confirmed by the Institutional Review Board.
Patients
In January-October 2016, 68 consecutive patients (30 men and 38 women; mean age ± standard deviation [SD], 65.1 ± 9.1 years) that fulfilled the following criteria were enrolled in this study: 1) referred for contrast-enhanced dynamic liver CT (mostly for surveillance, suspicion, or posttreatment follow-up for hepatic malignancy); 2) adults (≥ 20 years old); 3) no superficial arm veins to accommodate 18-or 20-gauge intravenous catheters as assessed by highly experienced nurses (> 5 years of experience in catheter placement for contrast-enhanced CT and an approximate daily case volume of 50 patients); 4) no history or current signs of central venous occlusion in both upper extremities; and 5) out-patients without hemodynamic instability. Sample size estimation is explained further in the statistical analysis section. Fifty-eight of the 68 patients (27 men and 31 women; mean age ± SD, 65.3 ± 9.3 years) underwent dynamic liver CT 1−13 months prior (median, 3 months; interquartile range, 4 months), and 37 experienced difficulties during the previous CT, such as difficult intravenous catheter placement requiring multiple needle punctures (n = 26), contrast extravasation (n = 8), and severe pain during contrast injection (n = 3). We additionally recruited 30 consecutive control patients that had superficial arm veins capable of accommodating an 18-gauge intravenous catheter and met other eligibility criteria. Characteristics of both patient groups are summarized in Table 1 . The 68 patients in the 2-catheter group revealed greater mean age and had significantly more women than the 30 control patients. Otherwise, the 2
INTRODUCTION
Computed tomography (CT) is a key element in modern medical diagnoses. Most current CT examinations require rapid intravenous injection of a large amount of contrast medium to obtain high-quality, contrast-enhanced images for accurate diagnosis (1, 2) . Rapid intravenous injection of contrast agents is particularly critical for examinations that include dynamic multiphase scanning, such as multiphasic liver or angiographic CT, reported to use injection rates ≥ 5 mL/s (3) (4) (5) . To deliver CT contrast media at high injection rates, a large (18-or 20-gauge) intravenous catheter is needed (6, 7) . However, some patients needing CT examination lack superficial veins that can accommodate such large intravenous catheters because these veins were lost after prolonged treatment requiring multiple/ repeated intravenous catheterizations (e.g., oncologic or chronic liver disease patients). Placing a large intravenous catheter in such patients is a substantial challenge even for experienced medical personnel and creates significant issues for the patient. Even if successfully placed, there is high risk of severe pain or venous rupture and contrast extravasation during injection as the fragile vein may not be able to withstand pressure and volume from the rapid contrast injection. Extravasation of intravenously administered iodinated contrast media into the surrounding subcutaneous tissue is a potentially serious complication that may lead to compartment syndrome, skin sloughing, and necrosis (8) (9) (10) .
Therefore, development of new alternative methods to safely achieve high-rate injection of CT contrast medium in patients lacking superficial veins that can accommodate a large intravenous catheter is of critical clinical significance. A previous study reported use of a specially designed fenestrated intravenous catheter with multiple side holes to decrease risk of contrast extravasation (3). However, this specialized catheter is not widely available and is expensive. We hypothesized that split-administration of the contrast medium through 2 small intravenous catheters placed at dual sites would be a simple and practical solution, provided total injection rate and volume match that of a large catheter. CT contrast injection through 2 intravenous catheters is not an arcane idea. For example, a 2-catheter approach has been used for pulmonary CT angiography in patients with Fontan physiology to account for their unique hemodynamic circulation (11, 12) . However, it is a unique approach. To our knowledge, the use of a 2-catheter 
Intravenous Catheter Placement
Highly experienced nurses conducted placement of the 2 intravenous catheters (Fig. 1) 
Contrast Injection and CT Scan
Iopamidol (370 mgI/mL, Pamiray 370; Dongkook Pharmaceutical, Seoul, Korea) was administered intravenously (2 mL/kg; maximum, 150 mL) using an automatic double-head power injector (OptiVantage DH; Covidien, Mansfield, MA, USA). Nurses that conducted the venipuncture empirically determined maximum tolerable injection rate for each catheter according to resistance/ pressure perceived during a test hand injection of a small amount of saline (approximately 2−3 mL) through each catheter. Then, desired total injection rate of 4 mL/s was split between the 2 catheters accordingly (Fig. 2) . In 12 patients, total rate had to be lowered to 3.5−3.9 mL/s because of the fragility and small size of the veins. Split ratio between the 2 catheters for the 68 patients was 1:1 to 1:2.5. In control patients, 2 mL/kg (maximum, 150 mL) iopamidol was administered at a rate of 4 mL/s through an 18-gauge catheter. Intracatheter pressure during contrast injection was continuously monitored, and peak pressure was recorded. In patients with 2 intravenous catheters, only the catheter with higher pressure at any time was recorded due to technical configuration of the pressure monitoring system. Incidences of extravasation or severe pain in injection sites that required cessation of contrast injection were noted.
CT scans were conducted using a 128-detector row scanner (SOMATOM Definition AS+; Siemens, Erlangen, Germany). Arterial (using bolus triggering with a 25-second delay after attenuation of the aorta at the thoracolumbar junction had reached 100 Hounsefield unit [HU]), portal (30 seconds after completion of the arterial phase), and delayed (95 seconds after finishing the portal phase) contrast-enhanced images through the liver were obtained using 64 x 0.6-mm beam collimation, beam pitch of 1, 0.5-second gantry rotation time, field of view to fit, 120 kVp, automated tube current modulation with 200-mA quality reference, and 5-mm slice thickness and increment.
Assessment of Patient Experience
An experienced clinical research coordinator that did not participate in other study procedures assessed each patient's experience using a set of uniform questionnaires. Immediately after placement of the 2 intravenous catheters, but before contrast injection, the 58 patients that previously underwent liver CT were asked if they perceived the current catheter placement to be more, the same, or less tolerable compared with their previous experience. After CT examination, they were asked if the contrast injection was less, the same, or more painful at either of the 2 venipuncture sites compared with their previous experience. All 68 patients were asked about their willingness to use the small 2-catheter approach for a later CT examination using a 10-point Likert scale (0 = definite unwillingness; 5 = indeterminate; 10 = definite willingness).
Assessment of Image Quality
CT images from the 2-catheter and the control groups were randomly mixed, and their visual quality was independently evaluated by 3 readers. Readers were boardcertified gastrointestinal radiologists with 2 years of non-trainee experience with liver CT (approximately 300 cases/month) and were completely blinded to the group assignment, as well as other parts of the study design to avoid bias. Readers conducted qualitative visual assessment using a 4-point system (grade 4 = better than standard liver CT quality; grade 3 = same as usual quality; grade 2 kjronline.org = worse than usual quality but diagnostically acceptable; and grade 1 = worse than usual quality and diagnostically unacceptable) separately for each scan phase.
Another radiologist blinded to the group assignment and study design quantitatively measured signal-to-noise ratio (SNR) of the liver separately for each scan phase according to a method described elsewhere (13) and measured contrast-to-noise ratio (CNR) of the hepatic artery and the portal vein in arterial and the portal phases, respectively. To measure the hepatic signal, 3 circular regions of interest (diameter, 1−1.5 cm each) were carefully placed in separate, relatively homogeneous areas in the right hepatic lobe, approximately half way from the hilum and hepatic surface, away from discernible vessels or focal changes in attenuation, and the average of the 3 mean HU values was used as the hepatic signal. Image noise was measured in the same manner by averaging 3 regionof-interest measurements of SD values in the homogenous subcutaneous fat of the anterior abdominal wall at the midabdomen level. Regarding vascular measurements, as the hepatic artery and intrahepatic portal veins are too small for accurate HU measurements, we instead used the average of 3 measurements on 3 consecutive images of the aorta at the level of the celiac axis and of the main portal vein, respectively, according to a published method (14) . Hepatic SNR was then calculated by dividing the hepatic signal with the image noise, and hepatic vessel-to-liver CNR was calculated by dividing the vessel-to-liver difference with the image noise.
Statistical Analysis
Examination success rate, defined as completion of scanning without extravasation or cessation at a total injection rate of 4 mL/s or at lower rates with an image quality grade ≥ 3 in all phases (as judged by all 3 independent readers), was the primary endpoint. We intended to estimate the primary endpoint within ± 10% (i.e., 2-sided 95% confidence interval with a 10% width on each side). We predicted an 80−90% examination success rate, that required 43−68 patients. Patient experience results in the 2-catheter groups were summarized using proportions for categorical items and using median and interquartile range for the 10-point Likert scale scores. In the 58 patients that had previously undergone liver CT, results were compared between those that had experienced and those that had not experienced problems regarding intravenous catheter placement or contrast injection during the previous CT examination using the Fisher exact or Wilcoxon's rank sum tests wherein appropriate. Peak intracatheter pressure during contrast injection, image quality grades, hepatic HU, hepatic SNR, and hepatic vesselto-liver CNR between the 2-catheter group and the control group were compared using independent sample t test or the Wilcoxon rank sum test, appropriately. Sample size was estimated using PASS 12 (NCSS, Kaysville, UT, USA), and other analyses were conducted using SPSS for Windows version 21.0 (IBM Corp., Armonk, NY, USA). A p < 0.05 was statistical significance. 
RESULTS

Patients
The patient flow in the 2-catheter group is shown in Figure 3 .
Examination Success Rate
Examination success rate was 88.2% (60/68; 95% confidence interval, 78.2−94.2); successful completion of the scan at a total injection rate of 4 mL/s in 54 patients and at 3.5−3.9 mL/s with an image quality grade ≥ 3 in all phases as judged by all 3 independent readers in 6 patients.
Patient Experience
Of the 58 patients that previously underwent liver CT in the 2-catheter group, 62.1% (36/58) regarded placement of the 2 small intravenous catheters as more tolerable than their previous experience despite the 2−5 venipunctures (median, 2 times) required. The rate was slightly higher among those that had previously experienced venipuncture/ contrast injection-related difficulties (67.6%; 25/37) than those that had not (52.4%; 11/21), although not significantly (p = 0.275) ( Table 2) .
Of the 56 patients in the 2-catheter group that sustained total injection rate of 4 mL/s, 54 were scanned without adverse events, whereas the remaining 2 experienced contrast extravasations (1 case; after injecting 34 mL) and severe pain at the venipuncture site (1 case; after injecting 29 mL) and had to abort the examination (Fig. 3) . The other 12 patients in the 2-catheter group achieved total injection rate of 3.5−3.9 mL/s and completed scanning without problems. All 8 patients (out of 58) that had experienced contrast extravasation during a previous CT scan were examined uneventfully with a total injection rate of 4 mL/s (n = 6), 3.8 mL/s (n = 1), or 3.6 mL/s (n = 1). Peak intracatheter pressure during contrast injection was significantly smaller in the 68 2-catheter group patients than in the control patients (mean pressure ± SD, 96.5 ± 27.2 vs. 117.7 ± 21.9 psi; p < 0.001). Of patients that previously underwent liver CT in the 2-catheter group, 60.4% (35/58) regarded the current contrast injection as less painful at both venipuncture sites than their previous experience. The rate was slightly higher among those that had previously experienced venipuncture/ contrast injection-related difficulties (67.6%; 25/37) than those that had not (47.6%; 10/21), although not significantly (p = 0.168) ( Table 2) .
Median overall experience score for the 2-catheter method was 8 or 9 according to patient grouping, and almost all patients were inclined to use the 2-catheter method in the future (Table 2) . kjronline.org
Image Quality
CT examinations of 66 patients in the 2-catheter group excluding the 2 patients whose examinations were aborted (Fig. 3) , were compared with the 30 control patients. Image qualities were not significantly different between the 2 groups regarding visual quality as well as quantitative measurements in the portal and delayed scan phases (Tables 3, 4) . However, visual quality in the arterial phase as assessed by 1 reviewer (Reader 2) and hepatic artery-toliver CNR in the arterial phase were significantly lower in the 2-catheter group patients than in the control patients although differences were small (Tables 3, 4) . 
DISCUSSION
This study reveals that using 2 small intravenous catheters is an effective and well-received solution for achieving high-rate contrast injection for liver CT in patients lacking superficial veins capable of accommodating a large intravenous catheter. Examination success rate using the 2-catheter method was 88.2%. It is particularly noteworthy that all 8 patients that experienced contrast extravasation during previous CT were examined uneventfully in this study using the small 2-catheter approach (total injection rate = 4 mL/s in 6 of 8 patients). Considering slightly inferior image quality in the arterial phase, one should not entirely equate the 2-catheter method with the usual CT contrast injection using a large intravenous catheter. However, the 2-catheter approach could be a simple, practical solution to obtain high-quality CT examinations in patients lacking large superficial veins.
CT contrast injection through 2 small intravenous catheters instead of a large one is an unconventional approach. It is remarkable that median overall experience score was 8 or 9 (out of 10), with most patients with previous CT experience considering catheter placement (62.1%) and contrast injection (60.4%) as better than their previous experience. It is possible that because most of the patients had experienced prior difficulties with intravenous catheter placement or contrast injection, patient satisfaction could have been inflated to some degree. However, because responses from patients without such experience were similarly favorable, this suggests the 2-catheter approach was well-accepted. Objective data from pressure monitoring were consistent with subjective patient-reported results as peak pressure during contrast injection was significantly lower in the 2-catheter group than in the control group. Because we could only measure higher pressure between the 2 catheters instead of separately measuring the pressure of each, peak pressures recorded in the 2-catheter group were likely slightly overestimated. Lower injection pressure would explain why there were fewer reports of injection-related pain in the 2-catheter group and reduces risk of venous rupture and contrast extravasation, which is a significant advantage.
Efforts to decrease CT contrast volume and, thereby, the injection rate have been made in other ways, as well. For example, the current state-of-the-art CT scanners provide multi-kVe spectral imaging capability or enable low kVp imaging without increasing image noise using iterative reconstruction. These scanners allow for augmented contrast enhancement relative to conventional CT for a given amount of contrast medium (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . As these scanners decrease the amount of contrast agent needed, injection flow rate and need for large intravenous catheters can be reduced. Combining the 2-intravenous catheter approach with the latest CT technology may resolve most cases of difficulty or inability to perform contrast-enhanced CT due to the lack of superficial veins capable of accommodating a large intravenous catheter.
One technical disadvantage of the 2-catheter approach is that it is only possible with at least dual-head injectors and that it precludes use of saline flushing because both cylinders of a dual-head injector system must be used to inject contrast material. Therefore, unless injectors with more than 2 cylinders are available, this technique would be unsuitable for CT examinations for which saline flushing is crucial.
This study had limitations. First, patients included in this study were undergoing liver CT, and results may differ by patient groups because those with other diseases may have different subjective perceptions towards intravenous catheterization and CT contrast injection. We chose this group of patients because liver CT requires high-rate contrast injection, and image quality is sensitive to the injection process (1, 2) . Second, some patients, albeit a small number, could not recall their experience during their previous CT examination; these patients were recorded as "uncertain" to avoid inaccuracy in results. Finally, the 2-catheter group had higher mean age and a greater proportion of women than the control group. However, these intergroup differences are natural because superficial veins in upper extremities are generally thinner and more fragile in older patients and women.
In conclusion, using 2 small intravenous catheters is an effective and well-received solution for patients requiring high-rate contrast injection for liver CT but lacking superficial veins capable of accommodating a large intravenous catheter. This method enables quality liver CT examination and obviates the need for costly or specialized catheters.
